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There is a huge interest in developing super-repellent surfaces for anti-fouling and heat-transfer
applications. To characterize the wetting properties of such surfaces, the most common approach is
to place a millimetric-sized droplet and measure its contact angles. The adhesion and friction forces
can then be inferred indirectly using the Furmidge’s relation. While easy to implement, contact
angle measurements are semi-quantitative and cannot resolve wetting variations on a surface. Here,
we attach a micrometric-sized droplet to an Atomic Force Microscope cantilever to directly measure
adhesion and friction forces with nanonewton force resolutions. We spatially map the micron-scale
wetting properties of superhydrophobic surfaces and observe the time-resolved pinning-depinning
dynamics as a droplet detaches from or moves across the surface.
I. INTRODUCTION
Water droplets can easily bounce and roll off super-
hydrophobic surfaces, enabling many important appli-
cations, ranging from water-repellent coatings to drag-
reduction in ships [1, 2]. Since Thomas Young first pro-
posed the concept in his seminal 1805 paper [3], contact
angle measurements have become the gold standard to
characterize surface wetting property. In fact, superhy-
drophobic surfaces are often defined by their high contact
angles θ > 150◦ [1, 4, 5].
There are a few reasons for the popularity of contact
angle measurements. Firstly, they are relatively easy
to implement, requiring only good lighting and a high-
resolution camera. Moreover, the adhesion and friction
forces can be inferred, albeit indirectly, from the advanc-
ing and receding contact angles θadv, rec [6, 7].
There is, however, a growing debate as to whether con-
tact angles adequately describe the surface wetting prop-
erties [8–10]. They do not, for example, capture the local
wetting variations due to chemical heterogeneity or sur-
face texture [11]. Moreover, for large contact angles (e.g.
in superhydrophobic surfaces), a small error in the po-
sitioning of the droplet base (as small as a single pixel)
translates to a large error in the contact angle value (of
more than 10◦) [12, 13].
To overcome these limitations, there have been sev-
eral attempts to develop more sensitive surface charac-
terization techniques. The most common approach is
to use a cantilever force sensor to directly measure the
friction and adhesion forces (with a typical 0.1 µN res-
olution) acting on a millimetric droplet [14–16]. Re-
cently, by greatly suppressing the environmental noise,
our group has improved the resolution of such an instru-
ment (which we named the Droplet Force Apparatus) to
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about 5 nN [17]. More impressively, by combining a sen-
sitive force sensor with a motorized sample stage, Ras
and co-workers were not only able to achieve a similar
nN force resolution, but were also able to map wetting
variations with a lateral resolution of 10 µm [11].
Since its invention in 1986, Atomic Force Microscopy
(AFM) has become a standard and powerful surface char-
acterization tool [18]. AFM was used to characterize
surface wetting properties by measuring the tip-surface
interactions [19–22]; however, the AFM tip is typically
made of solid silicon/silicon nitride and has a pyramidal
geometry, which poorly approximates droplet-surface in-
teractions.
In this paper, we replace the solid tip with a micro-
droplet and use this modified droplet probe AFM tech-
nique to map local wetting properties of superhydropho-
bic surfaces [23–25]. By attaching a 40 wt% glycerin-
water droplet of diameter 20–50 µm onto the AFM can-
tilever, we are able to measure the friction and adhesion
forces with much improved force and lateral resolutions
(at least 1 nN and 1 µm, respectively), and observe the
fast pinning-depinning dynamics (millisecond timescale)
as a droplet detaches from or moves across the surface.
II. QUANTIFYING LOCAL WETTING
PROPERTIES
We first investigated the wetting properties of the Mor-
pho butterfly wings, well-known for their brilliant blue
colour and excellent water repellency (Fig. 1a–c) [26, 27].
The wings are covered with scales with intricate micro-
and nano-structures (See Supplementary Figure S1 for
detailed scanning electron micrographs), which trap a
stable air layer, resulting in superhydrophobicity and a
high static contact angle of 160 ± 10◦ for millimetric
water droplets (Fig. 1d).
Conventionally, the forces required to remove the
droplets are inferred indirectly from the advancing and
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2Figure 1. (a, b) Millimetric-sized water droplets bead up on the wings of a morpho butterfly, which are covered by (c)
superhydrophobic scales. Scale bars are 4 cm, 3 mm, and 150 µm, respectively. (d) The scales of the butterfly wing trap an
air layer, resulting in a high contact angle of 160 ± 10◦ for millimetric droplets. Scale bar is 0.5 mm. (d) On individual scale,
it is difficult to measure the contact angles of a micrometric droplet. Scale bar is 50 µm
receding contact angles θadv, rec [12, 13, 28]. For exam-
ple, the friction force Ffric required to move the droplet
laterally is given by the Furmidge’s relation
Ffric = piγr∆ cos θ = piγr(cos θrec − cos θadv), (1)
where r is the droplet’s base radius, γ is the surface ten-
sion, and ∆ cos θ = cos θrec−cos θadv is the contact angle
hysteresis [6, 7, 29]. Contact angles measurements can be
performed relatively easily for millimetric droplets, but
become very challenging for micrometric droplets (Sup-
plementary Figs. S2, 3). Moreover, the droplet’s base
can be obscured on uneven surfaces, further complicat-
ing contact angle measurements (Fig. 1e).
To overcome the limitations outlined above, we pro-
pose using droplet probe AFM to directly measure adhe-
sion and friction forces Fadh, fric by monitoring the flex-
ular and torsional deflections of an AFM cantilever, re-
spectively. This is done by shining a laser light (infra-red,
wavelength of 980 nm) onto the cantilever, which is re-
flected into a four-quadrant sensor. To convert the raw
voltage signals Vvert, lat into forces Fadh, fric, we use the
Sader’s method [30–33]. See Supplementary Figures S4,
5 for details.
Figure 2a is a schematic of how Fadh is measured. We
first attached a 40 wt% glycerin-water droplet of diam-
eters 20–50 µm onto a tipless cantilever probe with a
flexular spring constant of kz = 2 N/m. The addition
of glycerol suppresses the evaporation rate of the micro-
droplet, without greatly changing its surface tension or
viscosity (69 mN/m and 4 mPa.s, compared to 73 mN/m
and 1 mPa.s for pure water). From the flexular deflection
of the cantilever ∆z, we can then deduce the force on the
droplet F = kz∆z as it approaches and retracts from the
surface at a controlled speed U = 1–50 µm/s. Since the
microdroplet is smaller than the size of the wing-scale,
we are able the quantify local wetting properties of indi-
vidual scales (Fig. 2b).
Figure 2c shows the force spectroscopy results for a
30-µm-diameter droplet with volume V = 20 ± 2 pl ap-
proaching and retracting from one of the wing-scales at
U = 10 µm/s. The droplet’s size and volume can be
obtained by optical microscopy and using Cleveland’s
method (Supplementary Fig. S6) [33]. When the droplet
is far from the surface, the AFM did not detect any force,
i.e. F = 0; however, upon contact, there is a sudden
attractive snap-in force Fsnap = 132 nN. We continue
to press onto the microdroplet to the maximum normal
force FN = 10 nN, before retracting (solid line). For the
droplet to be completely detached from the surface, there
is a maximum adhesion force that must be overcome Fadh
= 720 nN. By integrating under retract curve, we can
also obtain the amount of work required to remove the
droplet Wadh = 5.6 pJ, which is a fraction of the total
surface energy of the droplet 4piR2γ ≈ 200 pJ, reflecting
the liquid-repellent nature of the surface.
It is also possible to relate the force spectroscopy mea-
surements with the evolution of the microdroplet’s con-
tact angle with time. The shape of the droplet u(z) is
described by the axisymmetric Young-Laplace equation
u′′
(1 + u′2)3/2
− 1
u
√
1 + u′2
= −∆P/γ for z ∈ (0, h),
u(h) = a
u(0) = r∫ h
0
piu2dz = V
F = −2piγr sinθ + pir2∆P.
(2)
The droplet contact area on the cantilever is fixed by the
cantilever’s width 2a = 28 µm (Supplementary Fig. S7),
while the droplet height h and the force F can be deduced
from the position of the piezomotor and the cantilever de-
flection, respectively. By solving equation 2 numerically,
we can deduce the droplet’s geometry, and in particular
the Laplace pressure inside the droplet ∆P , the base ra-
dius r, and the contact angle θ at different time points
(Fig. 2d).
For example, during snap-in (time point 1), the droplet
has a base radius of r = 4.5 µm and contact angle of θ =
161.3◦, respectively; whereas at the maximum F = Fadh,
r = 3.2 µm and θ = 137.0◦. See Supplementary Figs. S7
and S8 for details of the numerical method used, as well
3Figure 2. (a) The adhesion force Fadh on individual scales of the butterfly wing can be measured accurately with droplet probe
AFM. (b) Top-down view of the setup, showing one droplet attached to an AFM cantilever and another sitting on a wing-scale.
Scale bar is 50 µm. (c) Force spectroscopy of a 30 µm-sized droplet on a wing-scale. Dashed and full lines are the approach and
retract curves. The droplet position z has been corrected for cantilever deflection. By solving the Young-Laplace equation, we
can deduce (d) the droplet geometry, and (e, f) obtain the the base radius r and the contact angle θ at different time points.
Figure 3. (a) Histogram of δF , Fsnap, adh, and Wadh for a total of 66 different scales and 670 depinning events. (b, c) Plots of
Fadh against the snap-in force Fsnap and Wadh, with each point representing different scale.
as [34] for the implementation in Python. Supplementary
Movie 1 shows the full simulation of the droplet geometry
during the force spectroscopy measurement.
During the force spectroscopy measurements, the flex-
ular deflections can be monitored with high speeds (up to
hundreds of kHz). This allows us probe the fast pinning-
depinning dynamics (and stick-slip motion) of the con-
tact line with unprecedented details. As the droplet re-
tracts, both r and θ decreases gradually; except at certain
time points (which correspond to discrete force jumps
δF ∼ nN), where there are sudden discontinuities in r
and θ over a timescale ∆t ∼ ms. The magnitudes of the
discontinuities δr, δθ can be as small as fractions of a mi-
cron and a degree, respectively (Fig. 2e, f). Note that
r and θ should be taken as effective, radially-averaged
values, since we made the assumption of axisymmetric
droplet’s shape, when the contact line is likely to be
jagged and discontinuous [10].
We also note that there is no single value of θrec for
the microdroplet. If we consider the retraction curve
up to Fadh, where the contact line retracts at a rela-
tively constant speed of |dr/dt| ≈ 0.7 µm/s, θrec varies
between 137◦ and 150◦ (shaded area in Fig. 2e), which
translates to a contact angle hysteresis value of ∆ cos ≈
1 + cos θrec = 0.13–0.27 [9], which is slightly higher than
the ∆ cos = 0.05–0.21 measured for millimetric-sized
droplet using conventional tilting-plate method (Supple-
mentary Fig. S2). This could be explained by the fact
4that the overlapping wing-scales are able to trap an ad-
ditional air layer, resulting in lower solid surface fraction
for millimetric-sized droplets.
We repeated the force spectroscopy measurements for
a total of 66 different wing-scales (with 670 depinning
events), whose results are summarized in Fig. 3a. There
are significant wetting variations between scales. For ex-
ample, Fsnap can be as small as a few nN to more than 300
nN for the same 20 pl microdroplet; similarly Fadh can
vary between 84 and 943 nN, while Wadh varies between
0.1 and 7.6 pJ. During droplet retraction, the magnitude
of the force jumps δF can vary between a couple of nN
to more than 60 nN. Since δF ∼ apγnp where ap is the
typical size and np is the number of pinning points con-
tributing to the depinning event, larger δF is less likely
to occur, because it involves simultaneous depinning from
multiple points. Hence, the probability density of δF de-
creases rapidly with incrasing |δF |.
In general, higher Fadh translates also to higher Fsnap
and Wadh values, though there are large variations
(Fig. 3b, c). For example, when Fadh = 500 nN, Fsnap
vary between 50 and 200 nN, while Wadh vary between 1
and 5 pJ.
The force spectroscopy measurements therefore pro-
vide us with a wealth of information that is not easily
obtained using conventional contact angle measurements.
Note that while the results vary between wing-scales, the
force spectroscopy curves for each scale are reproducible
(Supplementary Fig. S9). Experimentally, we also found
that the results do not depend on the speed U , i.e. vis-
cous effects are not important, or the applied FN (Sup-
plementary Fig. S10).
III. MAPPING MICRON-SCALE WETTING
VARIATIONS
We can take advantage of the raster scanning capa-
bility of the AFM and perform force spectroscopy mea-
surements over a grid array of points to map micron-
scale wetting variations on surfaces. To illustrate this,
we chose a superhydrophobic surface with well-defined
micro-/nano-structures, which consists of a square array
of 10 µm-diameter pillars decorated with smaller 2 µm
pillars, spaced L = 20 µm and l = 3.5 µm apart, and with
a total height H = 2.5 µm (Fig. 4a). See Supplementary
Figure S11 for scanning electron micrographs and AFM
images.
Figure 4b is an adhesion map for an array of 3 × 3
pillars (70 × 70 µm, 100 × 100 px). The force spec-
troscopy measurements were performed with a 30-µm-
sized droplet and at a relatively high speed U = 150
µm s−1 to minimize the scanning time to about 20 min-
utes. The adhesion is greatest when the droplet is in
the gap between four neighbouring pillars (marked 1 in
Fig. 4b), where Fadh can reach almost 800 nN (Fig. 4d).
In contrast, when the droplet is on top of the micropillar
(marked 2 in Fig. 4b), Fadh is only about 150 nN.
It is likely that the 30-µm-sized droplet is touching the
base at area 1, where the gap between the pillars is the
largest. In fact, when the experiment is repeated on a mi-
cropillar surface with the exact same lateral dimensions
but taller H = 12 µm, there are no longer high adhesion
areas in area 1 (Supplementary Fig. S12). A closer look
at the adhesion map also reveals the four-fold and six-
fold symmetries that reflects the underlying positional
symmetries of the micropillars (Fig. 4c).
We have therefore demonstrated the ability of droplet
probe AFM to map wetting variations in the micron-
scale, despite the droplet’s size being much larger. This is
because the lateral resolution is determined the droplet’s
base diameter 2r ∼ 1 µm (rather than its outer diameter
2R) just before it detaches (Supplementary Movie 1).
IV. MEASURING FRICTION FORCES
We can measure the friction force Ffric by moving the
droplet laterally and monitoring the resultant torsional
deflection of the cantilever ∆φ, since Ffric = kφ∆φ/h,
where kφ = 69.3 nN m is the torsional spring constant.
Figure 5b shows the lateral force measured for an array
of five pillars (labelled 1–5), as we move a 30-µm-sized
droplet back and forth over a 100 µm distance twice.
During the motion of U = 5 µm s−1, the normal force
is kept at FN = 5 nN. The force measured is positive
one way and negative the other way, because the tor-
sional deflections are in the opposite directions. Note
also that since the spacing between pillars is L = 20 µm,
the droplet is in contact with only one pillar at any one
time.
The force required to detach from one pillar can vary
between Ffric = 1.3 ± 0.3 µN (pillar 1) and 2.7 ± 0.2
µN (pillar 5). A closer look at the force spectroscopy
measurements also reveal force jumps spaced l = 3.5 µm
apart, due to depinning from the smaller 2-µm-sized pil-
lars (Fig. 5c). Experimentally, we also found that, Ffric is
independent of U , consistent with previous reports (Sup-
plementary Fig. S13) [10].
V. DISCUSSION AND CONCLUSION
To conclude, we are able to use droplet probe AFM
to map micron-scale wetting properties of the superhy-
drophobic surfaces and also to probe the fast pinning-
depinning dynamics during droplet detachment. In ad-
dition, we are able to relate the force spectroscopy mea-
surements to conventional contact angle values by solv-
ing the Young-Laplace equation. While we have confined
our discussion to superhydrophobic surfaces, the tech-
nique described in this paper can easily be adapted for
other liquid probes (e.g. oil droplet) and other classes of
liquid-repellent surfaces (e.g. underwater superleophobic
surface).
5Figure 4. (a) Fadh of a micro-droplet on a structured surface can be mapped with micron-scale resolution. The surface consist
of a square array of 10 µm-diameter pillars with smaller 2 µm pillars on them. (b) Force maps for 30 µm-sized droplet. Scale
bar is 10 µm. (c) A more detailed force map with the outline of the micropillars superimposed. Scale bar is 2 µm. (d) Force
spectroscopy curves on top (area 1) and in between pillars (area 2).
Figure 5. (a) Ffric of a micro-droplet moving on the micropillar surface can be measured accurately with droplet probe AFM.
(b, c) Depinning due to individual 10 µm and 2 µm micropillars (spaced L = 20 µm and l = 3.5 µm apart, respectively) can
be clearly distinguished.
Droplet probe AFM technique described here will
greatly complement other ultra-sensitive surface wetting
characterization tools previously reported, such as the
droplet force apparatus [16, 17] and the scanning droplet
adhesion microscope [11]. However unlike previous ap-
proaches, our approach does not require any specialized
instrument beyond a conventional AFM setup, which are
available to many research groups.
The technique developed here has direct relevance in
many applications, e.g. in developing anti-fogging sur-
faces, in understanding surface condensation processes,
and in emulsion science, where the wetting properties are
dominated by droplets that are micron or even smaller
in size.
In short, the potential of droplet probe AFM as a sur-
face wetting characterization tool remains largely unex-
plored and we hope this work will simulate further de-
velopment of the technique and result in new insights in
wetting science.
[1] D. Que´re´, “Wetting and roughness,” Annu. Rev. Mater.
Res. 38, 71–99 (2008).
[2] L. Bocquet and E. Lauga, “A smooth future?” Nat.
Mater. 10, 334 (2011).
[3] T. Young, “An essay on the cohesion of fluids,” Philos.
Trans. R. Soc. London , 65–87 (1805).
[4] M. Reyssat, D. Richard, C. Clanet, and D. Que´re´, “Dy-
namical superhydrophobicity,” Faraday Discuss. 146,
19–33 (2010).
[5] P.-G. de Gennes, F. Brochard-Wyart, and D. Que´re´,
Capillarity and wetting phenomena: drops, bubbles,
pearls, waves (Springer, 2004).
[6] B. Samuel, H. Zhao, and K.-Y. Law, “Study of wet-
ting and adhesion interactions between water and var-
ious polymer and superhydrophobic surfaces,” J. Phys.
Chem. C 115, 14852–14861 (2011).
[7] C. G. L. Furmidge, “Studies at phase interfaces. i. the
sliding of liquid drops on solid surfaces and a theory for
spray retention,” J. Colloid Sci. 17, 309–324 (1962).
[8] E. L. Decker, B. Frank, Y. Suo, and S. Garoff, “Physics
of contact angle measurement,” Colloids Surf. A Physic-
ochem. Eng. Asp. 156, 177–189 (1999).
[9] F. Schellenberger, N. Encinas, D. Vollmer, and H.-J.
Butt, “How water advances on superhydrophobic sur-
6faces,” Phys. Rev. Lett. 116, 096101 (2016).
[10] D. Daniel, J. V. I. Timonen, R. Li, S. J. Velling, M. J.
Kreder, A. Tetreault, and J. Aizenberg, “Origins of
extreme liquid repellency on structured, flat, and lu-
bricated hydrophobic surfaces,” Phys. Rev. Lett. 120,
244503 (2018).
[11] V. Liimatainen, M. Vuckovac, V. Jokinen, V. Sariola,
M. J. Hokkanen, Q. Zhou, and R. H. A. Ras, “Mapping
microscale wetting variations on biological and synthetic
water-repellent surfaces,” Nat. Comm. 8, 1798 (2017).
[12] K. Liu, M. Vuckovac, M. Latikka, T. Huhtama¨ki, and
R. H. A. Ras, “Improving surface-wetting characteriza-
tion,” Science 363, 1147–1148 (2019).
[13] S. Srinivasan, G. H. McKinley, and R. E. Cohen, “As-
sessing the accuracy of contact angle measurements for
sessile drops on liquid-repellent surfaces,” Langmuir 27,
13582–13589 (2011).
[14] D. W. Pilat, P. Papadopoulos, D. Schaffel, D. Vollmer,
R. Berger, and H. J. Butt, “Dynamic measurement of the
force required to move a liquid drop on a solid surface,”
Langmuir 28, 16812–16820 (2012).
[15] D. ’t Mannetje, A. Banpurkar, H. Koppelman, M. H. G.
Duits, D. van den Ende, and F. Mugele, “Electrically
tunable wetting defects characterized by a simple capil-
lary force sensor,” Langmuir 29, 9944–9949 (2013).
[16] D. Daniel, J. V. I. Timonen, R. Li, S. J. Velling, and
J. Aizenberg, “Oleoplaning droplets on lubricated sur-
faces,” Nat. Phys. 13, 1020 (2017).
[17] D. Daniel, A. Y. T. Chia, L. C. H. Moh, R. Liu, X. Q.
Koh, X. Zhang, and N. Tomczak, “Hydration lubrication
of polyzwitterionic brushes leads to nearly friction- and
adhesion-free droplet motion,” Comm. Phys. (2019).
[18] G. Binnig, C. F. Quate, and C. H. Gerber, “Atomic force
microscope,” Phys. Rev. Lett. 56, 930 (1986).
[19] A. Rana, A. Patra, M. Annamalai, A. Srivastava,
S. Ghosh, K. Stoerzinger, Y.-L. Lee, S. Prakash,
R. Y. Jueyuan, P. S. Goohpattader, N. Satyanarayana,
K. Gopinadhan, M. M. Dykas, K. Poddar, S. Saha,
T. Sarkar, B. Kumar, C. S. Bhatia, L. Giordano, Y. Shao-
Horn, and T. Venkatesan, “Correlation of nanoscale
behaviour of forces and macroscale surface wettability,”
Nanoscale 8, 15597–15603 (2016).
[20] V. Dupres, D. Langevin, P. Guenoun, A. Checco, G. Lu-
engo, and F. Leroy, “Wetting and electrical properties
of the human hair surface: Delipidation observed at the
nanoscale,” J. Colloid Interface Sci. 306, 34–40 (2007).
[21] T. Eastman and D.-M. Zhu, “Adhesion forces between
surface-modified AFM tips and a mica surface,” Lang-
muir 12, 2859–2862 (1996).
[22] M. Delmas, M. Monthioux, and T. Ondarcuhu, “Contact
angle hysteresis at the nanometer scale,” Phys. Rev. Lett.
106, 136102 (2011).
[23] L. Xie, C. Shi, X. Cui, and H. Zeng, “Surface forces and
interaction mechanisms of emulsion drops and gas bub-
bles in complex fluids,” Langmuir 33, 3911–3925 (2017).
[24] C. Shi, B. Yan, L. Xie, L. Zhang, J. Wang, A. Takahara,
and H. Zeng, “Long-range hydrophilic attraction between
water and polyelectrolyte surfaces in oil,” Angew. Chem.
Int. Ed. 55, 15017–15021 (2016).
[25] O. Manor, I. U. Vakarelski, X. Tang, S. J. O’Shea, G. W.
Stevens, F. Grieser, R. R. Dagastine, and D. Y. C. Chan,
“Hydrodynamic boundary conditions and dynamic forces
between bubbles and surfaces,” Phys. Rev. Lett. 101,
024501 (2008).
[26] Y. Zheng, X. Gao, and L. Jiang, “Directional adhesion of
superhydrophobic butterfly wings,” Soft Matter 3, 178–
182 (2007).
[27] S. Niu, B. Li, Z. Mu, M. Yang, J. Zhang, Z. Han, and
L. Ren, “Excellent structure-based multifunction of mor-
pho butterfly wings: a review,” J. Bionic Eng. 12, 170–
189 (2015).
[28] T. Huhtama¨ki, X. Tian, J. T. Korhonen, and R. H. A.
Ras, “Surface-wetting characterization using contact-
angle measurements,” Nat. Protoc. 13, 1521 (2018).
[29] H.-J. Butt, I. V. Roisman, M. Brinkmann, P. Papadopou-
los, D. Vollmer, and C. Semprebon, “Characterization
of super liquid-repellent surfaces,” Curr. Opin. Colloid
Interface Sci. 19, 343–354 (2014).
[30] J. E. Sader, “Frequency response of cantilever beams im-
mersed in viscous fluids with applications to the atomic
force microscope,” J. Appl. Phys. 84, 64–76 (1998).
[31] C. P. Green and J. E. Sader, “Torsional frequency re-
sponse of cantilever beams immersed in viscous fluids
with applications to the atomic force microscope,” J.
Appl. Phys. 92, 6262–6274 (2002).
[32] K. Wagner, P. Cheng, and D. Vezenov, “Noncontact
method for calibration of lateral forces in scanning force
microscopy,” Langmuir 27, 4635–4644 (2011).
[33] H.-J. Butt, B. Cappella, and M. Kappl, “Force mea-
surements with the atomic force microscope: Technique,
interpretation and applications,” Surf. Sci. Rep. 59, 1–
152 (2005).
[34] D. Daniel, “Codes for solving Young-Laplace equation,”
https://github.com/ddaniel331/laplace_solver
(2019), accessed: 2018-08-16.
[35] P. Kim, M. J. Kreder, J. Alvarenga, and J. Aizenberg,
“Hierarchical or not? effect of the length scale and hi-
erarchy of the surface roughness on omniphobicity of
lubricant-infused substrates,” Nano Lett. 13, 1793–1799
(2013).
ACKNOWLEDGEMENTS
We thank R. H. A. Ras and S. J. O’Shea for useful dis-
cussions. The authors are grateful to the Agency for Sci-
ence, Technology and Research (A*STAR) for providing
financial support under the SERC Career Development
Award (grant number A1820g0089) and PHAROS Ad-
vanced Surfaces Programme (grant number 1523700101
and 1523700104).
7MATERIALS AND METHODS
Materials. IP-Dip photoresist was purchased
from Nanoscribe Inc, Germany. Propylene glycol
monomethyl ether acetate (PGMEA, > 99.5 %),
(3-aminopropyl)triethoxysilane (APTES), perfluorode-
cyltrichlorosilane (FDTS), glycerine, isopropyl alcohol
and ethanol were purchased from Sigma-Aldrich.
Chromium (Cr) target (99.994 %) was purchased from
Kurt J. Lesker Company, USA. Aluminum (Al) target
(99.99 %) was purchased from Zhongnuo Advanced
Material (Beijing) Technology Co. Ltd, China. All
chemicals were used without further purification, unless
otherwise stated. The tipless AFM cantilever was
purchased from NanoWorld (Switzerland) and has
dimensions of 225 × 28 × 1 µm (length, width, and
thickness).
Micropillar fabrication. The hierarchical micropil-
lar surface is created by direct-write, two-photon lithog-
raphy using the Nanoscribe R© Photonic Professional in-
strument (Nanoscribe Inc., Germany). The photoresist
used (IP-Dip) is a proprietary negative-tone resin from
Nanoscribe that can be used to create submicron feature.
To improve the adhesion of the resin to the fused sil-
ica substrate, we first cleaned the substrate with oxy-
gen plasma for 5 mins at 100 W. The silica substrates
were then submerged in 2 % (v/v) APTES in ethanol
for 5 mins, followed by rinsing with a 50 % (v/v) wa-
ter/ethanol mixture. Subsequently, the substrates were
blown dry with nitrogen gas and dried in an oven at 65◦C.
The micropillars were designed using computer-aided
design (CAD) software SolidWorks R© and their dimen-
sions were defined using the DEScribe software. The
structures then written on fused silica substrate by direct
laser writing (DLW) using an inverted microscope with
an oil-immersion lens (Zeiss Plan Apochromat, 63×, NA
1.4) and a computer controlled piezoelectric stage. The
DLW process was performed with an erbium-doped,
femtosecond laser source with a centre wavelength of
780 nm, pulse repetition rate of 80 MHz and pulse
length of 100 fs. The average laser power was around
40 mW and writing speed was 30 mm/s. After writing,
sample substrates were developed in PGMEA, followed
by isopropyl alcohol for 30 min each, and then air-dried.
Surface treatment of micropillar. 2 nm of Cr film
was coated on the substrates, followed by deposition of
Al film up to 100 nm with a thermal evaporator system
(Syskey, Taiwan) operating under high vacuum of 10−6–
10−7 Torr. The micropillar with the Al coating was then
boiled in DI water close to 100◦ for 20 minutes. This con-
verts the Al coating into nanostructured boehmite layer.
We then submerge the surface in a solution of 1 wt%
FS-100, 5 wt% water in ethanol for 1 h at 70◦C. This
fluorinates the boehmite layer and hence renders the
micropillar surface superhydrophobic [35].
Droplet probe AFM. To create the microdroplets,
we forced the 40 wt% glycerine solution through the noz-
zle of a conventional spray bottle onto a superhydropho-
bic surface. This generates multiple droplets with diam-
eters between 10–80 µm.
To ensure that the microdroplet does not spread on
the AFM cantilever, we hydrophobize the surface by
vapour-phase silanization with fluorinated silane FDTS.
Once the cantilever is fluorinated, we can then pick up a
microdroplet of the desired size to perform force spec-
troscopy measurements on another surface of interest.
Note that the microdroplet is attached to cantilever much
more strongly than to the superhydrobic surfaces. As de-
scribed in the main text, there is little or no evaporation
of the glycerine droplet.
